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Observation of the Oxygen Diffusion Barrier in Soybean
(Glycine max) Nodules with Magnetic Resonance Microscopy

ABSTRACT

The effects of selected gas perfusion treatments on the spin-
lattice relaxation times (T,) of the soybean (Glycine max) nodule
cortex and inner nodule tissue were studied with 'H high resolution
magnetic resonance microscopy. Three gas treatments were used:
(a) perfusion with O, followed by N,; (b) O, followed by O,; and
(c) air followed by N,. Soybean plants with intact attached nodules
were placed into the bore of a superconducting magnet and a
selected root with nodules was perfused with the gas of interest.
Magnetic resonance images were acquired with repetition times
from 50 to 3200 ms. The method of partial saturation was used to
calculate T, times on selected regions of the image. Calculated
images based on T, showed longer T, values in the cortex than in
the inner nodule during all of the gas perfusions. When nodules
were perfused with O,-O,, there was no significant change in the
T of the nodule between the two gas treatments. When the nodule
was perfused with O,-N, or air-N,;, however, the T, of both the
cortex and inner nodule increased. In these experiments, the in-
crease in T, of the cortex was 2- to 3-fold greater than the increase
observed in the inner nodule. A similar change in T, was found in
detached live nodules, but there was no change in T, with selective
gas perfusion of detached dead nodules. These observations sug-
gest that cortical cells respond ditterently to selected gas perfusion
than the inner nodule, with the boundary of T, change sharply
delineated at the interface 01 the smner module and the inner cortex.

Nitrogen fixation in noduies ot kcuminous plants formed
by the symbiotic assuciation ot the piant rout and N,-fixing
bacteria has been an area of increasing interest The benefits
to the plant of N: fixation have become increasingly impor-
tant as research interests have focused on techniques of low-
input, sustainable agriculture.

Several gases play key roles in the process of N fixation,
including CO:, Hz, N,, and O: (15). Each plavs a unique and
key role in providing energy and substrates for N1 conversion
to the NH; necessary for plant assimilation. Regulation of
gas, particularly O,, diffusion through the nodule cortex into
the inner nodule and to the bacterioids must meet several
requirements. Bacterial N, fixation requires large amounts of
O for oxidative phosphorylation, providing ATP for activa-
tion of the iron- and molybdenum-containing nitrogenase
enzyme complex, redox potentials for N, fixation, and ori-
entation of the nitrogenase enzyme complex for activity (19,
23, 32). This process is complicated, however, by both re-

versible and irreversible inhibition of nitrogenase by exposure
to free molecular O; and by the inhibition of nitrogenase
svnthesis by O.. This delicate balance in the regulation of O,
concentration and flux has been the focus of many investi-
gators (5, 6, 9, 10, 13, 16, 24-26, 28-30).

'H magnetic resonance microscopy allows the repeated,
nondestructive study of intact plants, including roots, stems,
and nodules. Due to the noninvasive nature of the technique,
the same material can be repeatedly observed under different
treatment or experimental conditions (3, 12, 14). Detailed
structural information as well as T," and T relaxation times
can be repeatedly acquired on the same specimen, providing
the ability to nondestructively test for specific treatment
effects. Tissue characteristics such as T, and T, reflect the
degree of proton mobility and exchange within the tissue
(18).

The objectives of the current study were to observe and
describe the O, diffusion barrier through measurement of 'H
(from H,O) T, values within nodules and changes in these
values as a function of exposure to specific gases (O,, ambient
air, and N).

MATERIALS AND METHODS

"Soybean plants (Glycine max [L.] Merr. cv Williams) inoc-
ulated with Bradyrhizobium japonicum USDA 110 or 138 were
grown in the growth chamber for approximately 7 weeks.
During this period, they received light from fluorescent and
incandescent lamps for a photoperiod of 15 h and were
exposed to day/night temperatures of 25/19°C and dav/
night humidity of 80/95%. Plants were irrigated with a
nutrient solution containing 1 mM NO; and 2 mm Pi (22).
During the last 12 to 14 d of growth, the concentration of Pi
was raised to 10 mm.

Plants were hand carried or sent by overnight express
delivery from the USDA Eastern Regional Laboratory in
Philadelphia, PA, to Duke University Medical Center in
Durham, NC. Immediately prior to analysis, the plants were
carefully removed from their containers and the roots were
gently washed free of adhering potting mix. One root with
several nodules or nodule clusters was selected. Nodules were
selected on the basis of color, size, and turgidity. Only
nodules and roots that appeared healthy were selected. The

' Abbreviations: T,, spin-lattice relaxation time; T,, spin-spin re-
laxation time; rf, radiofrequency; TR, repetition time; TE, echo time.



selected root with attached nodules was placed into a plastic
tube and surrounded within the tube either by moist Ottawa
sand (20-30 mesh) or moistened glass wool. At least one
small plastic tube containing a solution of CuSO, was placed
parallel to the root to serve as a reference for measurements
during the course of the experiment. The root extended from
one end of the plastic tube and a Tygon tube was attached
to the other end of the root/nodule-containing tube (Fig. 1).
The remainder of the root system was carefully wrapped in
moist paper towels and placed in a plastic bag to prevent
desiccation. The top of the plant was also moistened and
wrapped loosely with damp paper towels and plastic.

The tube containing the roots and nodules was carefully
placed inside an rf coil. The plant top extended from one end
of the rf coil, and the Tygon tube extended from the other
end. This apparatus was placed inside the bore of a super-
conducting magnet, which was part of a GE CSI Imager for
Magnetic Resonance Imaging (Fremont, CA). The Tygon
tube was attached to a gas tank. Choice of gas was dependent
on the particular experiment. Most of the experiments were
performed on a 2 T imaging system; however, one additional
experiment (O,-N;) was performed at 7 T to achieve greater
resolution. Gas flowed from a pressure tank into the nodule
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Figure 1. Diagramatic representation of the experimental design
and basic equipment used in acquisition of magnetic resonance
images of soybean nodules undergoing selective gas perfusions.
The rf coil containing the plant roots and nodules is placed into the
bore of the superconducting magnet. Roots outside the rf coil and
the top of the plant were wrapped in damp paper towels and
placed into a plastic bag to reduce desiccation. A slice was selected
through the root and nodule (the «:ce profile), which was repeat-
edly imaged  -ing the course of the experiment.

container, perfusing the nodule and root with the gas of
interest at a flow rate of approximately 0.5 L/min.

Following placement in the magnet bore, cross-sectional
locator spin echo images (TR = 100-300 ms, TE = 10 ms)
were acquired through the root, nodules, and reference tube.
When a nodule was located, a slice profile through the
nodule, root, and reference tube was selected with a slice
thickness varying between 0.5 and 1.0 mm. Six images were
sequentially acquired through the selected slice plane with
TR values from 50 to 3200 ms. Total imaging time for
acquisition of a set of images required for the calculation of
T, values was 2 h. Images were acquired and displayed as a
256 X 256 pixel array. Resolution was 30 to 60 um, depending
on the particular experiment. Whenever possible, multi-slice
acquisitions were made, allowing measurements on multiple
nodules of a single plant. When multi-slice acquisitions were
used, a gap equal to or greater than one slice thickness was
left between slices. The acquired digital images were then
viewed with a Sun Workstation (Sun Microsystems, Moun-
tain View, CA). T, values were calculated by the partial
saturation method, fitting for pseudo-density, flip angle, and
T, (18).

For nodules attached to intact plants, gas-perfusion treat-
ments included O,-O, (three plants, eight nodules), O,-N,
(five plants, seven nodules), and air-N, (three plants, seven
nodules). All of the other experiments were done at 2 T,
except for one of the O,-N, plants, containing one nodule,
which was imaged at 7 T. Measurements on this nodule were
not included in the statistical analysis. In addition, nodules
were carefully detached from several plants. Half of the
nodules were rapidly frozen in liquid N to kill them, then
thawed at room temperature. Live and dead nodules were
placed together in the rf coil, separated by a divider placed
in the center of the tube, then perfused with O,, followed by
N:. T measurements were made on two of the live and three
of the dead nodules during both of the two gas-perfusion
treatments.

For each of the perfusion treatments, the nodules were
exposed to the first gas for 0.5 to 1.5 h before initiation of
the first T, image acquisition series. Perfusion by the first gas
was maintained during the 2-h image acquisition penod
Nodules were then perfused for 2 h with the second gas
before initiation of the second T, image acquisition senes.
Perfusion by the second gas also continued during the second
image acquisition series.

Relaxation time measurements were first made for selected
regions of interest in the images of the T; image acquisition
series. Measurements were made for the cortex, inner nodule,
and reference tube(s) for each nodule/gas perfusion combi-
nation. Measurements were made on all imaged nodules. The
correlation coefficient (r?) calculated for each fitted line and
data set was =0.94. T, measurements were also made for the
reference tube(s) within each image as well as for the cortical
and inner regions of each nodule. T, values used in the
analyses were taken from values calculated from the fitting
techniques on the specific regions of interest within each T,
image set. Measurements for nodule T, values were normal-
ized according to the T, values calculated for the reference
tube(s). This was done by comparing the calculated T, value
of the reference tube(s) during the two gas-perfusion treat-



ments. A correction factor was calculated, which, when mul-
tiplied by the T, for the second perfusion treatment, made it
equal to the T, for the first gas treatment. In all experiments,
the change in the reference T, value was less than or equal
to 8%. Calculated T, values for the nodule during the second
gas exposure were also multiplied by this correction factor.
Calculated T, images were also generated, in which the T,
value for each pixel in the image was calculated to confirm
the pattern of T, distribution within each nodule. Calculated
images were made for each nodule exposed to each gas (17,
18).

The change in relaxation time between exposure to the first
and second gas treatment was measured and tested for sig-
nificance by a paired ¢ test with an estimate for covariance.
Differences between the change in relaxation times for spe-
cific nodule regions (cortex and inner nodule) and between
gas-perfusion experiments (O2-O;, O:-N,, air-N,) were tested
by analysis of variance.

Self-diffusion coefficients for water were also measured
for five replicate nodules perfused with O, only. Field
strength gradients of varied magnitudes were applied across
the slice plane. Signal reduction of specific image regions
with increasing gradient strength was fit through an inter-
active fitting procedure for calculation of diffusion coeffi-
cients (mm?/s) and pseudodensity (27).

RESULTS

Significant structural detail could be observed in nodule
images, with the cortex clearly distinguishable from the inner
nodule (Figs. 2 and 3). The cortex could be seen as two layers
around the nodule perimeter in some of the images. Also, in
a few of the images, the inner nodule showed a gradation of
signal intensity from the outer boundaries to the center.

The T, calculated images clearly showed patterns of differ-
ential T, values within the nodule tissue (Fig. 2). Signal
intensities in the T, calculated images directly and quantita-
tively show the T, distribution within the nodule, with the
signal intensity (brightness) of the pixel in the calculated
image directly proportional to the T, (ms). The T, values
within the nodule cortex were greater than the T, values
within the inner nodule and appeared homogeneous
throughout the cortex, with a sharp delineation at the cortex/
inner nodule interface. The inner nodule generally exhibited
a homogeneous T, distribution, but in a few of the nodules
T, was longer in the nodule center (as indicated by a greater

Figure 2. Magnetic resonance images of a cross-sectional view
through three soybean nodules and a root. These nodules were
subjected to the O,-O; gas-perfusion treatments to serve as control
nodules. A, Spin-echo image acquired at TR = 3200 ms, TE = 10
ms, nod, Nodule; ref, reference tube filled with CuSO. solutions;
rt, root. B, T, calculated image of nodules undergoing the first gas-
perfusion treatment, O.. The signal intensity of the pixels is directly
proportional to T, (ms). Therefore, the brighter the pixels, the longer
the T,. C, T, calculated image of nodules undergoing the second
gas-perfusion treatment, O,. Note in both sets of calculated images
that the T, of the cortex is longer than the T, of the inner nodule
(brighter cortex), but there is no change in T, with the two gas-
perfusion treatments.



Table I. Change in T, of Soybean (G. max) Nodule Cortex and
Inner Nodule following Selective Gas Perfusion

Treatment groups followed by the same letter are not significantly
different at a = 0.05, as determined by protected Lsp. Treatments
followed by an asterisk (*) have a significant change in T, between
gas-perfusion treatments at a = 0.05, as determined by a paired t
test.

Treatment Change in T,

ms
Intact, attached nodules

0,-0,
Cortex —-58 + 151a
Inner nodule -37 £ 32a
CZ'NZ
Cortex 654 + 148b*
Inner nodule 304 + 218c*
Air-N,
Cortex 604 + 351b*
Inner nodule 202 + 128¢c*

Detached nodules (O,-N,)
Live nodules

Cortex 698 = 19b*

Inner nodule 253 £ 9¢*
Dead nodules

Cortex —14 + 43a

Inner nodule —-16 £ 29a

signal intensity in the T, calculated images), with a steep
gradient of decreasing T, values going from the center toward
the cortex (Fig. 3B). The greater T, observed in the center
with some nodules is likely related to nodule age, with
heterogeneity in the nodule center reflective of slight nodule
senescence. When these nodules were examined following
the gas-perfusion experiments, often there was a slight grav
cast to the tissue at the center of the inner nodule. The greater
T, in the nodule center of these few nodules did not changs
their relaxation time response to the gas treatments. hoseses

Changes in the relaxation times of the nodules were (vm
pared by subtraction of the two T, values calculated tr.om
data acquired during the two gas-perfusion treatments #.»
the control nodules that received the O,-O, treatment. there
was a small statistically insignificant decrease in the T, values
measured for both the cortex and the inner nodule (Table !.
Fig. 2).

In contrast, the calculated/T, for both the cortex and the
inner nodule increased significantly in intact, attached nod-
ules with exposure to either air or O, followed by N, (Table

Figure 3. Magnetic resonance images of a cross-sectional view
through a soybean nodule and root. These nodules were subjected
to the O,-N; gas-pertusion treatments. A, Spin-echo image acquired
at TR = 3200 ms, TE = 10 ms. The large bright tube in the left lower
corner is a reference tube filled with CuSO, solution. B, T, calcu-
lated image of the nodule, root, and reference tube during the
initial gas perfusion with O,. C, T, calculated image of the nodule,
root, and reference tube during the second gas-perfusion treatment
with N,. Note the brightness of the cortex under N, perfusion
compared with the O, perfusion, indicating an increase in T, with
exposure to N,.



the cortex, regulating O, diffusion into the O,-sensitive inner
nodule.

In biological material, the observed relaxation times are a
function of the relaxtivity of the components of the system
that are in rapid exchange (1, 7). The reciprocal of the
measured T, is the weighted sum of the reciprocals of the
proton sources contributing to the signal. This relationship is
described:

1 a b C

= —_ ...
Tlobs TIA TIE TIC

where Tq is the observed Ty; a, b, ¢ . .. are the proportions
of each component contributing to the observed signal; and
Tia. Tis, Trc . . . are the T, values of each component contrib-
uting to the observed signal.

In a simple model, it is proposed that there are two main
water compartments in exchange, intracellular water and
extracellular water, which is in association with a glycopro-
tein. The intracellular T, for highly hydrated tissues such as
a soybean nodule has been described as being relatively long
(1). Water associated with a viscous, hydrophilic glycoprotein
would be expected have a significantly shorter T,. A similar
relationship can be seen in the decrease in T, with increasing
additions of PEG to water (Fig. 4). Based on the concept of
the water in association with a glycoprotein having a short
Ty, the change in T, may be explained by a change in the
proportion of intercellular water and water in the interstitial
spaces in association with the glycoprotein. Under a high-O,
environment, water would fill the interstitial spaces and swell
the glycoprotein, occluding channels for O, diffusion and
restricting O, movement into the nodule interior. When ex-
posed to a low O, environment, the proportion of short-T,
water in association with the glvcoprotein is decreased either
through water movement into the cells or through rapid
degradation of the glvcoprotein Either of these mechanisms
would open channels for O diffusion and passage to the
inner nodule. Both water movement into the cell or rapid
glycoprotein degradation would reduce the proportion of
short-T, water in association wath the glvcoprotein, increasing
the T, time of the tissue
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Figure 4. Changes in T, of a solution of PEG in water. Increasing
amounts of PEG were added to 10 mL of water. Tubes containing
the PEG solutions were simultaneously imaged in six images with
TR =100 to 3200 ms. T, was calculated by the method of partial
saturation (18).

The hypothesis of the change in T, being caused by a
repartitioning of water between relatively high and low T,
compartments is also supported by the greater diffusion
coefficient calculated for the cortex and compared with the
inner nodule. The difference in diffusion coefficients between
the nodule regions strongly suggests much greater diffusibil-
ity and movement of water within the cortex compared with
the inner nodule. Further research is needed for determina-
tion of the compartmental T, values, water mobility, and
volumetric measurements and the status of the glycoprotein
under rapidly changing gaseous environments.

These observations are in agreement with changes in the
relaxation of *'P of soybean nodules presented in the accom-
panying report (22). The same pattern of increased T; of the
nodule cortex with N, perfusion following perfusion with
either O; or ambient air was observed with this nucleus. For
both nuclei studied, the short T, associated with air or O,
exposure could be associated either with water or PO, in a
highly viscous environment, such as in association with a
glycoprotein. Although mechanisms of relaxation change are
unconfirmed at this time, both PO, and 'H NMR relaxation
measurements exhibit similar changes in response to selective
gas perfusion.

The experiments presented here provide evidence that the
nodule cortex and the inner nodule act in unique and differ-
ent ways when exposed to specific gas-perfusion treatments.
The observed change in T, in response to changing the gas
perfusion from O, or air to N, was greater in the cortex than
in the inner nodule; however, both exhibited a significant
increase in Ty. The change in T, extended homogeneously
through the nodule cortex and was sharply delineated at the
inner cortex-inner nodule interface. Additionally, the T,
change was observed only in live nodules, suggesting a
variable, physiologically mediated process regulating gas dif-
fusion through the nodule. Although the mechanism of
change is unconfirmed at this time, it is proposed that the T
change is (a) in direct response to O; acting as a paramayneti,
agent, with the T, increase occurring as the O, concentration
decreases with N perfusion; (b) due to the action of uther
paramagnetic agents; and/or (3) a consequence of a chanye
in the O, diffusion pathways through the cortex. perhaps
regulated by an occlusion glycoprotein. It is likely that the
change in relaxation times for the nodules is a consequence
of a combination of these factors. Therefore, further research
needs to be done to confirm the mechanism of T, change
and the relationship to the nodule mechanism controlling gas
diffusion.
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